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We demonstrate an efficient nonequilibrium Green’s function transport calculation procedure based on the
real-space finite-difference method. The direct inversion of matrices for obtaining the self-energy terms of
electrodes is computationally demanding in the real-space method because the matrix dimension corresponds to
the number of grid points in the unit cell of electrodes, which is much larger than that of sites in the tight-binding
approach. The procedure using the ratio matrices of the overbridging boundary-matching technique [Y. Fujimoto
and K. Hirose, Phys. Rev. B 67, 195315 (2003)], which is related to the wave functions of a couple of grid
planes in the matching regions, greatly reduces the computational effort to calculate self-energy terms without
losing mathematical strictness. In addition, the present procedure saves computational time to obtain the Green’s
function of the semi-infinite system required in the Landauer-Biittiker formula. Moreover, the compact expression
to relate Green’s functions and scattering wave functions, which provide a real-space picture of the scattering
process, is introduced. An example of the calculated results is given for the transport property of the BN ring
connected to (9,0) carbon nanotubes. The wave-function matching at the interface reveals that the rotational
symmetry of wave functions with respect to the tube axis plays an important role in electron transport. Since the
states coming from and going to electrodes show threefold rotational symmetry, the states in the vicinity of the
Fermi level, the wave function of which exhibits fivefold symmetry, do not contribute to the electron transport

through the BN ring.
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I. INTRODUCTION

Recently, electronic-structure calculations have become an
important tool for investigating the physics and chemistry of
nanoscale systems with the miniaturization of electronic de-
vices. The electron-transport properties of nanoscale systems
have been studied actively because they are of significant
importance from both fundamental and practical points of
view. Owing to the complexity of the problem, such studies
are strongly dependent on the existence of reliable numerical
treatments based on first-principles approaches.

A number of first-principles calculation methods for the
electron-transport properties of nanoscale systems have been
proposed so far. They are roughly categorized into two
approaches. One approach uses the nonequilibrium Green’s
function (NEGF). The relation between conductance and
Green’s function has been derived within the nonequilibrium
Keldysh formalism.! This approach has been used extensively
in connection with tight-binding models and first-principles
methods employing localized basis sets consisting of either
atomic orbitals>* or Gaussians.® In this formalism, by making
use of Green’s functions with energies of nonreal numbers,
the electronic structures of the isolated states in the transition
region, which are not easily treated only by the energies of
real numbers, can be included into the total charge density
of the system. On the other hand, the NEGF method has
not been employed with the real-space®® and plane-wave
formalisms in the first-principles calculations based on the
density functional theory®!? so far because the large numbers
of grid points or plane waves prevent the direct inversion
of N, x N, x N -dimensional matrices to obtain the surface
Green’s functions and self-energy terms of electrodes, where
Ny, Ny, and N, are the numbers of grid points along the x, y,
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and z directions in the unit cell of the left or right electrode,
and electrons flow along the z direction (see, e.g., Fig. 1).

The other approach is to compute the scattering wave func-
tions from which transmission coefficients can be obtained. In
addition, the scattering wave functions provide a direct real-
space picture of the scattering process. This approach has been
employed by combining it with techniques where real-space
grids and/or plane-wave basis sets®!!~1¢ are used to describe
wave functions and potentials. The easiest way to obtain
scattering wave functions is to solve the Lippman-Schwinger
equation where the semi-infinite electrode is replaced with
a uniformly distributed charge background, i.e., “jellium.”!!
The scattering wave function can alternatively be calculated by
the wave-function-matching approach proposed by Fujimoto
and Hirose, i.e., the overbridging boundary-matching (OBM)
method.®!® In the OBM method, several parts of Green’s
functions of the transition region are computed to set up the
wave-function-matching formula and there is no limitation of
the usage of jellium, i.e., more realistic atomic and electronic
structures of the electrode can be taken into account. Moreover,
the effect of electrodes is included in the matching formula as
N, x Ny x Ny-dimensional ratio matrices, where N is the
order of the finite-difference approximation® for the kinetic
energy operator in the Kohn-Sham equation and is much
smaller than N,.

In this paper, we propose the real-space finite-difference
(RSFD) NEGF scheme and demonstrate that the surface
Green’s functions and self-energy terms of the electrodes
required in the NEGF method can be obtained from the
ratio matrices in the OBM method. The dimension of the
matrices for the surface Green’s functions and self-energy
terms that are directly inverted is reduced from N, x N, x N,
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FIG. 1. Sketch of a system with the transition region intervening between the left and right semi-infinite crystalline electrodes. The dashed
lines correspond to the borders of the partitioning of the Hamiltonian matrix in Eq. (1) and Fig. 2, whereas the dotted lines denote the borders
of individual regions used in wave-function matching (Ref. 16). The case for Ny =2 and N, = 2m is illustrated as an example, where N
corresponds to the order of the finite-difference approximation for the kinetic energy operator.

to Ny x Ny x Ny in the present scheme while keeping the
rigorousness of the mathematical formulation. This advantage
also saves computational effort to calculate Green’s functions
in the transition region because the number of elements of the
Green’s function matrix required for the transport calculation is
proportional to the dimension of the matrices of the self-energy
terms. In addition, we prove that scattering wave functions,
which help us to interpret the scattering process and are
usually calculated by wave-function-matching methods, can
be obtained within the framework of the RSFD NEGF method.

The rest of this paper is organized as follows: In Sec. II, we
relate the important quantities of the NEGF method to those
of the OBM scheme, and introduce the RSFD NEGF method.
In Sec. III, we present an example showing that scattering
wave functions help us to interpret the scattering process by
computing the transport properties of a BN ring sandwiched
between carbon nanotube electrodes (C/BNNT). In Sec. IV,
we summarize our procedures. Finally, a mathematical proof
is given in the Appendix.

II. NEGF METHOD USING THE COMPUTATIONAL
PROCEDURE OF THE OBM METHOD

A. Green’s function of a whole system including the transition
region and two semi-infinite electrodes

Let us consider the Green’s function of a system composed
of the transition region sandwiched between two semi-infinite
crystalline electrodes, as shown in Fig. 1, within the framework
of the RSFD scheme. Two-dimensional periodicity in the
x and y directions is assumed and a generalized z coor-
dinate ¢; instead of z; is used because a couple of grid
planes are involved in wave-function and Green’s function
matching when higher-order finite-difference approximation
is employed (see Fig. 1). The exchange-correlation effect is
treated by the local density approximation'’ or generalized
gradient approximation'® of the density functional theory.

In the RSFD method, the values of wave functions, Green’s
functions, and potentials on the grid points are directly
evaluated, while the approaches using basis sets compute the

coefficients of the base functions. The discretization of the
Kohn-Sham Hamiltonian on the grid points is introduced in
Ref. 6 and Appendix A of Ref. 16. The Green’s function matrix
involves the inversion of an infinite matrix corresponding to the
Hamiltonian matrix of the whole system H (k ), where k/ is the
lateral Bloch vector. In the first-principles calculations based
on the density functional theory, (k) is the Kohn-Sham
Hamiltonian. As shown in Fig. 2, we are, however, interested
in the finite part of the Green’s function matrix
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Hkp)=| B;r Brr |, (1)

0 | Bl, |Artk)

0 0

b

Ho Bot Boz Bos ==+  Bom Bome1
Bhi Hi Bi2 Bz +++ Bim Bimu
BhBl2 Hx Bss ==+ Bom Bomw

Bb Bl Bl

Ha
Hum-1
Bbn Bim Bim  ***  Hm Bnm

T U T i
Boms1Bims1Bemss  ***  Bm Hmn

Bl
T

0 0

FIG. 2. Partitioning of the Hamiltonian matrix A of Eq. (1),
associated with the whole system sketched in Fig. 1. Block-matrix
elements H;, B;, and By are the abbreviations of H({,ky), B(&),
and B(¢;,¢r), respectively. The partition lines are identical to those in
Eq. (1).

195406-2



FIRST-PRINCIPLES TRANSPORT CALCULATION METHOD ...

where the borders of the partitioning of H (k) are drawn
according to the dashed lines in Fig. 1; the submatrix
Hr (k) contains the matrix elements in the transition region,
A (k) [Ag (k)] corresponds to the semi-infinite left- (right-)
electrode region, and BLT (BTR), which is nonzero only
for some connection area between the transition region and
the left (right) electrode, is the interaction between the
transition region and the electrodes. Hr(k)) in the transition
region is treated as a general nonsparse matrix here and
in subsequent sections. On the other hand, ﬁL(k||) [Ar(k)]
is a block-tridiagonal matrix in the RSFD formalism, all
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of the block-matrix elements of which are N(= N, x N, x
N r) dimensional. In addition, éLT (éTR) is a zero matrix
except for one N-dimensional block-matrix element B({_;)
[B({m+1)], as illustrated in Fig. 2. In practice, N, corre-
sponds to the number of x-y grid planes involved in the
function-matching region ¢; since the order of the finite-
difference approximation is chosen so as to include the
nonlocal region of pseudopotentials in the matching region'®
as well as to obtain sufficiently accurate results with the used
grid spacing.
The Green’s function of the whole system is defined as

GL(Z.k) |G rr(Z k|G Lr(Z ky)

G(Zk)=I1Z—-Hk)™ =

Gri(Z,ky))| Gr(Z,ky) |Grr(Z,ky) |, (2)

Gri(Z,k))|Grr(Z,k))| Gr(Z,ky)

where Z(=FE + in) is a complex energy variable. From the matrix equation

Z — H(k)) —Brr 0 Grr(Z.ky) 0
_BLT Z — HT(kH) —B7p qT(Z’k“) =T/, 3)
0 —Bly Z — Hg(ky)] L Grr(Z.ky) 0

that is,

GLr(Zk)Gr(Z. k)™ =Z — Hp(k))] "' Byr.
B}, GLr(Z k) + [Z — Hr (k)| Gr(Z k) — BrrGrr(Z k) =1,
Grr(Z.k)Gr(Z,ky) " =1Z — Hr(k) ™' Bl 1, 4)

one sees that the Green’s function of the whole system
G7(Z,k)) can be portioned to the transition region as

-1
Gr(Z.k)) = [z — Hr(ky) = > (Z.ky) — Z(Z,k”)} :
L R
o)

Note that Eq. (5) is equivalent to Dyson’s equation in the
standard form* of

Gr(Z.ky) = Gr(Z k) + Gr(Z k)
x [z(z,k“)JrZ(z,k)] Gr(Z k). (6)
L R

Here, ZA:L(Z,kH) and ZA:R(Z,kH) are the self-energy terms of
the left and right electrodes defined by

Z(Z,ku) = EZTQAL(Z,kH)éLT

L

Y (Z.ky) = BriGr(Z.ky)B) . (7
R

where
GL(Z,ky) =1Z — Hp (k1™
Gr(Z k) = [Z — Hr(k))]™" ®)

are Green’s functions of the semi-infinite left and right
electrodes with right- and left-side truncations, respectively.
In addition, Gr(Z,ky) is the Green’s function associated with
the isolated transition-region Hamiltonian Hy(k):

Or(Z.ky) =Z — Hr(k)]™". )

We used the script capital letter G for describing the Green’s
function of a semi-infinite system with one-side truncation
as well as an isolated (two-side truncated) system to prevent
confusing [Z — HA]71 with G4 defined by Eq. (2), where
A=L, T, and R. From Egs. (5) and (6), one sees that
QAT(Z,kH) is extended to GT(Z,k||) so as to include the
effects of semi-infinite electrodes through the self-energy

terms ZA:{L,R}(Z,k”).

B. Evaluation of self-energy terms

This section is devoted to the evaluation of the surface
Green’s functions of the left- and right-electrode regions
Gir.r)(Z,k;) and the self-energy terms E{LyR}(Z,k”). Here-
after, we omit the branch of the lateral Bloch vector k for
simplicity. To set up the Hamiltonian of the electrodes, the
Kohn-Sham effective potential is obtained using the unit cell
consisting of Ny x N, x N, grid points under the periodic
boundary condition (see Fig. 3). When the potential of
electrodes is simple, such as jellium?' or that employed in the
effective mass approximation,?” the self-energy terms of the
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FIG. 3. Schematic representation of the periodic bulk. ¢ repre-
sents the z coordinate at the kth grid plane group in the Mth unit
cell.

electrodes can be obtained by an analytical or a numerically
strict manner. On the other hand, we have to calculate the
self-energy terms numerically in the case of the crystalline
electrodes. The Green’s function matrices for electrodes
are computed using the recursive technique proposed by
Lépez Sancho et al.”® or Guinea et al.>* Alternatively, the
matrices are evaluated by solving a quadratic eigenvalue
problem.25 In both schemes, the peculiar characteristic that
the Ny x N, x N, -dimensional matrices of the Hamiltonian
of the electrodes are the same for each unit cell of the electrodes
is employed, which implies that the dimension of the matrices
for Green’s functions and the self-energy terms becomes
N, x Ny x N,. When the number of grid points increases, the
computation of these matrices is demanding because the direct
inversion of the matrix and the matrix multiplication require
O(N} x N;j x N2) operations. In the RSFD NEGF scheme,

since ELT (BTR) has only one nonzero N(=N, x N, x ./\/f)—
dimensional block-matrix element B(¢{—1) [B({n+1)] [see
Eq. (1) and Fig. 2], the self-energy terms, which are calculated
by Eq. (7), are found to take the very simple form of

_ZL(Q'O;Z) 0...0
A 0 0...0
Y @)= . -
T : :
L 0 0...0
ro...o0 0
Yo=| 5 . a0
- 0...0 0
_O O ZR(§m+l;Z)

where

> (60:2) = BE-)'GL(6-1.61: Z)B(5-y),
L
D G153 2) = B )GRGmi2:m2; Z)BEGui) (1)
R

with Gz gy(k,81; Z) being the N-dimensional (k,/) block-
matrix element of ,C’;{L, r1(Z). In practical calculations, N 7 s
much smaller than N,.
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To obtain the Green’s function of the whole system G(Z ),
it is sufficient to calculate N-dimensional matrices for the
self-energy terms. However, although the Hamiltonians of the
Mth and (M + 1)th unit cell are identical, the sliced matrices
of the Hamiltonian of the electrodes H(¢) and H(¢/ ) are
not the same, where H (;'IM ) is the /th N-dimensional diago-
nal block-matrix element of the N x N, x N_-dimensional
Hamiltonian matrices of the electrodes. Thus, we can not use
the two procedures mentioned above.?*~2> We introduce a com-
putational procedure for obtaining N-dimensional matrices of
the surface Green’s functions and self-energy terms using ratio
matrices in the OBM method,'® which are computed by solving
the generalized eigenvalue problem for the periodic bulk model
shown in Fig. 3:

@, (61 2) ] _ @y (L', Z)
M+],Z):| - )‘n(Z)HZ(Z) |:q)n(§1M+1,Z) s

I1,(Z) |:<I> (¢!
(12)

where

FO(EM e Z)B()) O(gh. .M Z)B(L)M)
I1(Z) = 0 I ,
(13)
_ 1 0 _

(.. 2)B())" 0.5 2)B(LY)

Iy(Z) =

and ©(¢M,¢M; Z) is the N-dimensional (k,/) block-matrix
element of the Green’s function of the truncated part of
the periodic Hamiltonian in the Mth unit cell. In addition,
Eq. (12) is the analytically continued equation of Eq. (19) in
Ref. 16. Note that the generalized eigenproblem of Eq. (12)
suffers numerical error owing to the extremely large and small
absolute values of A(Z) in some cases, which prevent us from
conducting an accurate computation of the eigenstates {®,}.
To avoid this numerical difficulty, we introduce the following
ratios of the generalized eigenstates, which are proposed in
Ref. 16:

R (£0;Z) = QP (413 2) Q7 (8o; 2) 7",

(14)
RI(Cn+23 Z) = Q1(Cns23 Z2) 0 (Gmr13 2)

where

QP53 Z) = [@(¢1: 2). @555 Z), ..., PR (&3 2)],

(15)
Q43 Z) = [ P41 2), 9513 Z). . ... DY (&3 2)].

Since the eigenvalues 1, (Z) for a nonreal Z are divided evenly
into two groups with |A,,| > 1and |A,| < 1,%° we set up the N-
dimensional matrix Q7 (¢;; Z) and Q4(¢;; Z), which gathers the
N eigenstates {®F (¢;; Z)} and (@7 (&5 Z)},n = 1,2, ..., N, for
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a nonreal Z with |A,| > 1 and |A,| < 1, respectively, using the solutions of Eq. (12). Then, the accuracy of ratio matrices is
improved using the following continued-fraction equations in a self-consistent manner [see Eq. (25) of Ref. 16]:

Rp(é.lM-H; Z)
= 0.5 2)B(ex) + O (6 2)B (o)) [ R7(¢: 2)

RI(¢)"*1; Z)

_ -1
o 2)B(e) ]| e 5 2)B(S)).

B -1
= 0" 5" 2)B()) + 0 (¢ 2)B(5)) [R1 (6" :2) " — o 2)B(5)) | O 2)B(E) (16)

Now, we prove the following relation that gives a definite
description of the surface Green’s functions (or self-energy
terms) in terms of the ratio matrices of the generalized
eigenstates of Eq. (12). The surface Green’s functions of the
left and right electrodes are explicitly expressed as

Gr(t-1,6-1:Z) = RP (%03 Z)B(¢-1) ™!,

L an
gR(§m+2’§m+2; Z) = Rq(§m+2; Z)B(§m+l) ,
and the self-energy terms (11) are given by
> (0; Z) = B&1)' R”(%0; 2),
" (18)

> @ni1:Z) = Bni1)R (Gni2: Z).
R

Hereafter, we concentrate on proving the surface Green’s
functions and self-energy terms of the left electrode because
those of the right electrode can be derived in a similar manner.
The proof is derived using the results reported by Lee and
Joannop0u10526: the Green’s function Gz, gy(i,¢m; Z # real)
of a crystalline bulk is a decaying function (i.e., G g, — 0)
as |[| — oo with m fixed (or as |m| — oo with [ fixed). The
eigenstates are N-independent functions with respect to ¢; with

a decreasing or increasing property such that
D, (G1—s13 Z) = (M) @ (513 2). 19)

Here, s is an arbitrary positive integer and L is an integer
associated with the length of periodicity in the z direction.
For example, L = N./N; when N, is a multiple of N}.
Furthermore, {®,({;; Z)} satisfies

— B (G2 Z) + A PP (G113 Z) — B (1 Z) = 0,
(20)
where
A =Z—H() and B, = B(Z). Q1)

Note that Eq. (20) is the Kohn-Sham equation when a complex
number Z is replaced with a real number E.

In the left electrode, the surface Green’s function
G1(¢,¢-1; Z) is expressed in terms of Q?(¢;; Z):

G815 Z) = 0P(¢; Z)0P(¢0; Z) " (B_)™!

(l=-1,-2,..). (22)

In the following, the derivation of Eq. (22) is demonstrated.
It is straightforward from the definition that {G,(¢;,¢-1; Z)}
satisfies

0 : :
-B's A, -—B G 41 0
~B', A, -B Gsa|=|0] (23)
—Bi3 A, —-B., Go1 0
0 B, A |[LY9-1- 1
|
that is, and
—B G0 1+ ALG =1, (25)
where
. ’ Gi—1=G1,8-15 2). (26)
—B! G s 1 +A 3G 4_1—B4G3_1=0, (24)

—Bi4g—4,—1 +A 3G 3 1 —B3G 5, 1 =0,
—B'3G 5 1 +A 2G5 1 —B2G_1_1 =0,

From the facts that the N-dimensional G;(&;,¢—1; Z # real)
decays deep inside the left electrode (I — —00),%° we see that
{®](¢;; Z)} exhibits a linear independence of the decaying
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sequences, where n = 1,2, ...,N, and Eqgs. (24) are the same
sets of simultaneous linear equations as Eq. (20) for [ < —1.

Therefore, G, is expanded in terms of {®7} and expressed
as

N

N
GL(&¢-132) = [Z F @@ 2), Y @@ 2),

n=1 n=1

N
...,anw,';(g;m}

n=1
= QP 2F (I=-1,-2,..), (27
where {f,,} is a set of unknown expansion coefficients
forming an N-dimensional matrix F. For simplicity, the
dependence of f,, and F on Z and k| is ignored. By inserting

Eq. (27) for [ = —1 and —2 into Eq. (25) and subsequently
using Eq. (20) for [ = 0, we obtain

F=0";2)" (B (28)

By substituting Eq. (28) into Eq. (27), Eq. (22) is obtained.

Next, we carry out the limiting procedure in Eq. (22)
to obtain the refarded Green’s function. Since the pairing
characteristic of A(E)’s implies that there are always equal
numbers of reflected waves @' and transmitted waves @™
for a given energy E and lateral Bloch wave vector k|, we
obtain

lim (3 E +in) = (& B),

7]*)

,71355 QP(¢ E +in) = Q™'(¢3 E), (29)
lil%)l+ RP(g, E +in) = R™(y; E),

T]—)

where Q™! (¢;; E) is an N-dimensional matrix that gathers left-
propagating Bloch waves {|A(E)| = 1 and Re[A(E)] < 0} and
rightward increasing evanescent waves [|A(E)| > 1]:
Q"'(&; E) = [®1(5; E), 5 (¢ E), ..., O (43 )]
(30)

and

R™(g; E) = Q™'(¢-1; E)Q™ (¢ E) ! @31

PHYSICAL REVIEW B 86, 195406 (2012)

Note that the eigenstates with |[A(Z)| = 1 are absent when
n # 0,%° while those with [A(Z)| = 1 exist in the case of real-
number energy.'®

Finally, the retarded Green’s function is

Gr@-1.8-iE) = lim Gr(¢-1. {13 E + i)

= 0™ (13 E)Q™ (%o E) ' (B_1) ™"
= R™(%; 2)B(¢-1) ", (32)

and hence the retarded self-energy term is

A

Z{L,R}(E) - nlir&{g}(E +im. 33)

Several researchers have investigated the representation of
the surface Green’s functions by generalized eigenstates.>*2
Note that the above relations are particularly attractive because
they allow us to directly evaluate the retarded surface Green’s
functions and retarded self-energy terms at a purely real E

without using the finite broadening (or smearing) parameter
n. More interestingly, we can reduce the dimension of the
matrices of Green’s functions and the self-energy terms from
N, x N, x N_to N while keeping mathematical rigorousness,
and any additional computationally demanding procedures are
not required in the present method.

C. Evaluation of whole Green’s function in the transition region

The Green’s function of the whole system portioned to the
transition region G7(Z) is given by Eq. (5). In this section, we
present the analytic expression of Eq. (5), which is equivalent
to the exact solution of Dyson’s equation (6). In the general
case of the Hamiltonian matrix H7 being not necessarily
sparse, the simplest way to calculate G7(Z) of Eq. (5) might
be to carry out direct matrix inversion. In practice, however, it
is computationally difficult to perform inversion calculations
with large matrices. In what follows, we show that there exists
an efficient approach to computing the non-Hermitian G 7(E)
on the basis of the OBM scheme.

Let us consider the [th column of Gr(2),
i~e~, [GT(Q‘O’ & Z)vGT(gl OB Z)» e GT(§m+1 sgl; Z)]r
(l=0,1,2,...,m+ 1). From Eq. (5), one sees that the /th
column satisfies

[ Gr(.6:2) 7 [07]
Gr(6.8:2) 0
R . : 0
[z —Hr =) (2) - Z(Z):| Gr(&.¢:2) | = |1 | « the Ith (34)
L R . 0
Gr(&m: 85 2) 0
LGrGmt1,6:2) 1 LOJ
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by virtue of a simple form of the self-energy matrices, Eq. (10). Using the Green’s function of the truncated part of the Hamiltonian
Gr(Z) defined in Eq. (9), the whole Green’s function in the transition region is given by

[ Gr(60.4Z) ] [ Y 0 DGr(60.0:Z)
Gr(,8:2) 0
Gr(.c:2) | =6r(2) 1 < the Ith. (35)
GT(é‘mvCZ;Z) 0

_GT(ngrls;l; Z)_ —ZR(§m+1;Z)GT(§m+1,§1;Z)_

Equation (35) is a matching relation with regard to the Green’s function {G7(¢,¢)}, which is an analogous one with regard
to the wave function {W(z;)} [see Eq. (1) of Ref. 16]. The surface Green’s function matching theory has been pioneered by
Garcia-Moliner and Velasco.?” From Eq. (34), we see that once the Green’s function of the truncated part of the Hamiltonian
QT(Z) =[Z - I-AIT]‘l is known, the elements of the whole Green’s function Gr(&,¢;; Z) and Gr(&ny1,¢; Z) are calculated
using

Gr(0,2052)Y (G0 Z) — 1 Gr(0:Cms1: 2)Y_ g Cms13 Z) Gr(.¢:2) | _ _ | 9r(0.¢:2) (36)
gT({erls;O;Z)ZL(gO;Z) gT(§m+1a§m+1;Z)ZR(§m+1;Z) -1 GT(é‘erlvgl;Z) gT(§;11+lv§l;Z) '

Here, Gr(k, &5 Z) is the N-dimensional (k,/) block-matrix element of QT(Z). Equation (36), which is a 2N simultaneous linear
equation with respect to G (8o,¢; Z) and G (&u+1,85 Z), manifests boundary-value (surface) matching for the Green’s function
of the whole system. To calculate the electronic structure in the transition region, the diagonal elements of the Green’s function
matrix Gr(§;,8; Z) are required. On the other hand, when we are only interested in the transport property, it is sufficient to
compute Green’s functions on the matching planes G'.(¢o,%0; E), G4 (Sm+1,80; E), G (80,mt15 E), and G (S, 8mt15 E). In
the following, we show the analytic expressions for the solution of Eq. (36) in the cases of / = 0 and m + 1, which are required
in the calculation of the conductance in the NEGF formalism.
For/ =0andm + 1,

-1
G1(20,80; Z) = Gr(%0.%0; Z) [1 =Y (G0: 2)Gr (Z0.%o; Z)} :
L

-1

-1
Grmt1,60:2) = |:1 - gT(§m+1s§m+1;Z)Z(§m+l;z):| Gr(Gm+1,50: Z) |:1 - Z(CO;Z)GT(Co,é“o;Z):| ;
R L

-1

-1
Gr(80:Emr132) = |:1 - gT(é“o,?o;Z)Z(Co;Z):| Gr(50:Em+15 2) |:1 - Z(é’mH;Z)QT({mH,{mH;Z):| ,
L R

-1
GT(§m+ls§r71+1; Z) = g~T(§m+l:§m+l; Z) |:[ - Z(§m+1; Z)gT(§m+ls§/71+l; Z):| s (37)
R

where Gr is a modified G7 under the influence of the self-energy term (.r)» Which is expressed as

-1
Gr(20,%05 Z) = Gr(£0,%0: Z) + Gr(C0,Emt15 Z)Z(CmH; Z) |:1 - QT(§m+1,Cm+1;Z)Z(Cm+1;z):| Gr(&m+1,%05 Z),

R R
(38)

—1
Gr(Cmit:Cns13 Z) = Gr(Cns1,Cmt1s Z) + Gr(Gmr1, 803 Z)Z(Eo; Z) |:1 — Gr (0,803 Z)Z(Co; Z)] Gr(80,Cm+15 2).
L L

It is easy to ensure that the G7’s given by Eqgs. (37) and (38) satisfy Eq. (36), and therefore, they are the exact analytic solutions
of Eq. (5) as well as Dyson’s equation (6). Finally, a retarded Green’s function is obtainable by carrying out the limiting
procedure:

G (&, E) = nlifg Gr(&r, ¢ E +in). (39)
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Note that the block matrices of the Green’s function
G7 (80,605 E),  G7(Gmr1:80s E)y G7(0,8mt1; E),  and
G (Cns1,8mr13 E) are not Ny x Ny x N, dimensional
but N dimensional because the matrices of the self-energy
terms have already been reduced to N dimensional in the
preceding section.

D. Description of scattering wave function in terms of the whole
Green’s function

We next show that the relationship between the retarded
Green’s functions and the scattering wave functions is ex-
pressed as

V;(&; E) = iG7(&1,¢05 E)T (%o E)P' (403 E)
xO<I<m+1, (40)

where 'y (¢;; E) is the coupling matrix, which describes the
“coupling strength” of the transition region to the left electrode
at ¢p, and is defined by

TL(Go; E) =i |:Z(§0; E)—) (%; E)]
L L
x (Z(;o;m:Z(;o;E)*). (41)
L L

V(%o E)
V(615 E)

: = G(E)
\y](é‘m’E)
Vi(Gmt15 E)

Now, the ratio matrix R™ in the left electrode (I < 0) is
introduced along a similar line into the definition of R™':

R™¢ E) = Q™(G-1; E)OQ™( E) 7, (44)
where
O™ E) =[O E), @F(¢5 E), ..., @ E)],  (45)

which is assumed to include not only ordinary right-
propagating incident Bloch waves, but also leftward-
decreasing evanescent waves. From the definition of

PHYSICAL REVIEW B 86, 195406 (2012)

From Eq. (6) of Ref. 21, the scattering wave func-
tion incoming from deep inside the left electrode is
expressed as

W (%o E)
V(61 E)
|:E —Ar - (E)- ZR<E>]
LIJj(é-m; E)
W;i(Gmy1s E)
B @& 15 E) — Y (%o; E)YPT (%03 E)
0
0
0

(42)

The incident wave from the right electrode can be derived
in a similar manner. By the definition of the retarded
Green’s function of the whole system in Eq. (5), Eq. (42) is
rewritten as

BE_) P13 E) — Y} (So: EYPP(50: E)

0
(43)

Ri“(go; E), it is straightforward to state that
(¢ 13 E) = R"™(Go; E)PY (Gos E).- (46)

Furthermore, the relationship between the retarded self-energy
term Y (¢o; E)' and R™(¢o; E) is expressed as

> (G B)' = B(z-1)'R™(%0; E) (47)

similarly to that of > (&0 E) and R™(zy; E) in Sec. IIB.
From Egs. (43), (46), and (47), the scattering wave function
W;(g; E) for 0 < I < m + 1 can be written as

V(& E) = G7(61,803 E) [B(z;l)* QN 13 E) = Y (¢os EYPY(Zo; E)}
L

—G'(81,%0; E) [Z(COQ E)—) (%; E)*] ®'(Z0; E)
L L

i G (81,605 E)TL(03 E)YPR(Cos E). (48)
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The derivation of Eq. (40) in a different manner is given in
Ref. 8, and the expression using N, x N, x N -dimensional
matrices is also introduced in Ref. 28.

E. Conductance

We finally address the problem of electronic transport
within the framework of the RSFD Green’s function approach.
Here, we consider the case of the incident wave <I>i}1 incoming
from deep inside the left electrode. We can prove that
the Landauer-Biittiker formula®® G = 2¢?/h D j It:;1%v] /v;
describing the conductance G has the expression in terms of
Green’s functions G and the self-energy matrices 2}2‘,’1}?},
where e is the electron charge, i is Planck’s constant, #;;
is the transmission coefficient for the jth incident wave
to the ith outgoing wave, and v; (v)) is the group veloc-
ity of the state d>ij“(§0;E) [ (Lmt1; E)] through the x-y
plane at £y({u+1)- In the OBM scheme, group velocity is
expressed as

v; = L[®"(0; E)'T1(¢o: E)P (S0 E)],

v = L[®Cni1: E) TrGuits EYOR(Guis )], (49)

where L, is the length of the unit cell in the z direction. The
proof of Eq. (49) is given in the Appendix.

The scattering wave function W (¢;; E) corresponding to the
Jjth incident wave <I>i]!‘(§0; E) is given by a linear combination
of transmitted waves ®{(¢;; E) inside the right electrode

3 iy P = Ty VT
— V;
iJ

PHYSICAL REVIEW B 86, 195406 (2012)

(! 2 m + 1) with a transmission coefficient #;;, i.e.,

N
V(& E) =Ztij¢§ra(§z; E) = Q0" (&; E)th). 1oy, - - -, tn; 1,
i=1
(50)

where Q"(¢;; E) is an N-dimensional matrix that gathers
right-propagating Bloch waves {|A(E)| = 1 and Re[A(E)] >
0} and rightward-decreasing evanescent waves [|A(E)| < 1]
of ®I"(g;5 E), ie.,

0" (&3 E) =[OV (53 E), ®5& E), ..., DR(G: E)]. (51)
From Egs. (40) and (50) for / = m + 1, we have

il =10 (Gns1s E) ' Gr(Gmt1,03 E)
x T'L(¢o; E)®T ;(5os E)

[l‘]j,lgj, ..
(52)

and then obtain

T =i 0™ (Cnt1; E) ' G (Gnt1,80s E)T 1 (03 E)O™ (&0 E).

(53)
Here, T is the transmission-coefficient matrix
581 t1, ... nhn
1531 ty ... Iy
T = 54)
tN1 In2 ... INN

and Q™(&o; E) is the matrix defined by Eq. (45). Note that the
expression

(35)

holds, with VO being a diagonal matrix whose eléments are vf/)Si_i. By substituting Eq. (53) into the right-hand side of Eq. (55),

we find

>l |2% = Trl1(%0; E)Q™(Go; YV 0"(50; E)'T'1(60; EYG (50, 6m15 E)
ij J

X Q" &nr13 )TV 0" (Cni1s E) T Gl (Gt G0 ED)-

(56)

Here, “Tr” stands for the trace, i.e., the sum of the diagonal matrix elements, and the cyclic property of the trace is used. From

Egs. (45), (49), and (51), the relations
V =iL.0"(%: E)'T1(Co: E)Q"(4o: E).

are derived, and then

V=

iL. Q"™ (Gnr1; E)TR(Gns15 E)OQ™ (Gy13 E) (57)

2¢? Su o 2e? u .
G === Iyt = ==Te[L1(Co; EYGE (o, Gnirs ENk(Gnsrs )G (G o3 E)]
ij J

h

2 2
= = TH{TLC0: EYGT G-tz E k(G )G (Gt 803 E)]

are established. Here, the advanced Green’s function is

G5, ¢s E) = Gp(8, 8 D' (59)

Equation (58) is a well-known formula®® in the NEGF
formalism pioneered by Keldysh.! The equality of the last
line in Eq. (58) is also verified with a similar consideration of
the case of incident waves incoming from the right electrode.
One of the advantages of the Green’s function approach is
that the conductance is calculated without the knowledge
of well-defined asymptotic wave functions in the transition
region.

(58)

III. TRANSPORT PROPERTY OF BN RING CONNECTED
TO CNT ELECTRODES

To demonstrate the applicability of the RSFD NEGF
method and the importance of the interpretation using scat-
tering wave functions, the transport property of the C/BNNT
where one carbon ring of (9,0) carbon nanotubes (CNT) is
replaced with a BN ring is examined. Figure 4 shows the
computational model, in which the C/BNNT is sandwiched
between the CNT electrodes. A valence electron-ion interac-
tion is described using norm-conserving pseudopotentials®'
generated by the scheme proposed by Troullier and Martins.>?
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FIG. 4. (Color online) Computational model where one BN
zigzag ring is sandwiched between (9,0) CNT electrodes. Large
dark, small dark, and small light balls are N, C, and B atoms,
respectively. The rectangle enclosed by broken lines represents the
supercell used to evaluate the optimized atomic configuration and
Kohn-Sham effective potential.

Exchange and correlation effects are treated within the local
density approximation'” of the density functional theory. The
central finite-difference case, i.e., the case of N r=1,1s
adopted for the derivative arising from the kinetic-energy oper-
ator in the Kohn-Sham equation. To determine the Kohn-Sham
effective potential, we use a conventional supercell under a
periodic boundary condition in all directions with a real-space
grid spacing of ~0.24 A; the dimensions of the supercell
are L, =13.34 A, L, =1334 A, and L, =4.32 A for
the electrodes and L, = 13.34 A, L, =13.34 A, and L, =
8.64 A for the transition region, where L, and L, are the lateral
lengths of the supercell in the x and y directions perpendicular
to the nanotube axis, respectively, and L, is the length in the
z direction. The size of the matrices for the self-energy terms
is reduced from 75264 to 3136 using the present method.
Then, we compute the scattering wave functions obtained
non-self-consistently. It has been reported that this procedure
is just as accurate in the linear response regime but significantly
more efficient than performing computations self-consistently
on a scattering-wave basis.*® The conductance is calculated
using Eq. (58).

Figure 5 shows the conductance spectrum of the C/BNNT.
To investigate states that actually contribute to electron
transport, the eigenchannels are computed by diagonalizing the
Hermitian matrix 71T, where T is the transmission-coefficient
matrix defined in Eq. (54).'? Note that we have also calculated
the conductance spectrum and channel transmissions by the
OBM method and found that these are perfectly in agreement
with the results obtained by the present method except for
the rounding error of numerical calculation. For reference, we
plot in Fig. 6 the band structures of the CNT and C/BNNT in
the periodic supercell used to obtain the Kohn-Sham effective
potential. It is reported in the other DFT calculations that
the band gap of the (9,0) CNT opens even though the (9,0)
CNT is expected to be metallic by the zone folding of the
tight-binding approximation;** the zero-conductance region
around the Fermi level corresponds to the fundamental band
gap of the (9,0) CNT. In addition, the bands of the C/BNNT
indicated by 8 and y doubly degenerate as well as the bands
of the CNT indicated by « at approximately the Fermi level.
One can see in Fig. 5 that two channels actually contribute to
the transport in the vicinity of the Fermi level, and significant
peaks due to the resonant tunneling through the dispersionless
bands indicated by y are not observed in the conductance
spectrum. Since a real-space picture of the wave function
helps us to understand the transport phenomenon, the spatial
behaviors of the C/BNNT and CNT states, which are relevant
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FIG. 5. (Color online) Conductance spectra (a) and channel
transmissions (b) as functions of energy of incident electrons.

to the electron transport, are shown in Fig. 7. We plot the
wave functions at the I' point because the symmetry in the
x-y plane is insensitive with respect to the variation in &,
in a one-dimensional Brillouin zone. For comparison, the
behaviors of the wave functions indicated by «, S, and y
in Fig. 6 are also plotted in Fig. 8. The wave function of the
energetically dispersive bands of the C/BNNT (indicated by 8)
shows threefold rotational symmetry with respect to tube axis,
whereas that of the dispersionless bands (indicated by y) shows
fivefold symmetry. The energetically dispersive bands can
contribute to electron transport because the spatial symmetry

a) (b)

(
1.0
7 -/
0.0
C
>
o0
S Y
E o
o
-1.0 | 1 FB .
r XT X

FIG. 6. Electronic band structures of (a) CNT and (b) C/BNNT.
The supercells include two and four (9,0) rings for CNT and C/BNNT,
respectively. The zero of energy is the Fermi energy.
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FIG. 7. (Color online) Contour plots of wave functions. (a), (b)
Doubly degenerate bands indicated by § of C/BNNT in Fig. 6. (c),
(d) Doubly degenerate bands indicated by y of C/BNNT. (e), (f)
Doubly degenerate bands indicated by o of CNT. Negative values are
indicated by dashed curves; the thick solid curve represents zero. The
contour plot is separated by 7.41 x 10~* electron/A3. The spheres
represent the position of carbon atoms.

of the wave functions of the bands corresponds to that of
the wave functions coming from the left CNT electrode and
outgoing to the right CNT electrode indicated by «. In contrast,
the symmetry of the dispersionless bands does not agree with
those of the coming and outgoing waves, and thus the wave
functions from the CNT electrodes are hardly connected to the
wave function of the dispersionless bands, resulting in a small

FIG. 8. (Color online) Contour plots of doubly degenerate scat-
tering wave functions at energy of Er — 0.5 eV. Negative values are
indicated by dashed curves; the thick solid curve represents zero. The
contour plot is separated by 3.27 x 10~* electron/A? eV. The spheres
represent the position of carbon atoms.
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contribution to the electron transport. These results imply that
the interpretation using the scattering wave function, which
does not explicitly appear in the NEGF method, is important
for the investigation of the transport properties of nanoscale
systems.

IV. SUMMARY

We have proposed an efficient procedure for RSFD NEGF
calculations for obtaining the transport property of nanoscale
systems. Since the number of grid points in real-space methods
is larger than that of basis in the tight-binding approach, the
computational cost to obtain the surface Green’s functions
and self-energy terms has been the bottleneck. Using the
ratio matrices in the OBM method, the present procedure
greatly reduces the computational cost to obtain the surface
Green’s functions and self-energy terms of the electrodes as
well as the Green’s functions of the whole system without
loss of mathematical rigorousness. In addition, we proved
that scattering wave functions, which provide us a real-space
picture of the scattering process, can be obtainable by the
present scheme.

The transport property of the BN ring connected to the
carbon nanotube electrode is investigated using the present
method. By examining the rotational symmetry of wave
functions at the matching plane, we found that states that
are energetically dispersionless in a one-dimensional Brillouin
zone hardly contribute to the electron transport because of
the difference in the rotational symmetry of wave functions
with respect to the tube axis. This result indicates that the
real-space picture of the scattering wave function, which is not
necessary to be taken into account to calculate the transport
property in the NEGF formalism, helps us to interpret transport
phenomena in the transition region.

Since the OBM method is developed for the RSFD scheme,
the present technique allows us to efficiently obtain quantities
for the NEGF method in a real-space representation. In
particular, the RSFD scheme of first-principles calculations is a
method that has the advantage to scale with massively parallel
architectures and has this potential without compromise
on precision. Moreover, this scheme is free of problems
concerning the completeness of the basis set such as in the
methods using localized basis sets of either atomic orbitals
or Gaussians. Therefore, the present procedure opens the
possibility for executing large-scale RSFD NEGF calculations
using massively parallel computers with a high degree of
accuracy.

Compared with the improved OBM (IOBM) method,?"3
the computation of the Green’s function is O(N} x N} x N.)
in the present procedure, while the order of the most time-
consuming part of the IOBM method is O(N, x N, x N;,),
where N;, is the number of the incident waves and is usually
much smaller than N, x N, x N,. However, the product
between the self-energy terms and wave functions in the
IOBM is not easy to implement on the parallel computers
because the matrices of the self-energy terms are solid. On
the other hand, the computational cost for the calculation of
the Green’s function is the largest. However, the Hamiltonian
of the Kohn-Sham equation is very sparse matrix and the
algorithm for the computation of the Green’s functions can be
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easily parallelized. Therefore, the present method is suitable
for the massively parallel architecture.
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APPENDIX: GROUP VELOCITY

For completeness, we introduce the expression for the group velocity in this appendix. Group velocity is written as

oE

_ f
Vg = Bk(E)u (E)u(E),

(AD)

where k(E) is a Bloch wave vector with E being the Kohn-Sham energy and u(E) is an N, x N, x N_-dimensional columnar
vector consisting of & j(g“lM ,E) of the Mth unit cell (see Fig. 2):

u(E) = [;(c": E). @) (" E)..... @ (&3 E)] (A2)
The propagating wave obeys the Kohn-Sham equation
H)L[K(E),kyJu(E) = Eu(E), (A3)
where I-AIIf‘gr[k(E )] is the N, x N, x N.-dimensional periodic Hamiltonian of the Mth unit cell,
H(Mky)  B(EY) 0 .0 e HPRB(GN)
B¢ H(&:ky) B(&Y) B
HM (k = 0 |
per (K(E) Ky ) = (A4)
) . . 0
0 B(eh)'  H(G k) B(oh)
| “BEB() 0 0 BN, H(M:k)

Differentiating the eigenvalue equation of Eq. (A3) with respect to k(E) and multiplying #(E)' from the left-hand side of the
resultant equation yields

M

dH
u(E) —2Lu(E)

dk(E)

= (B uE)
= dk(E)u u(E).

195406-12

(AS5)



FIRST-PRINCIPLES TRANSPORT CALCULATION METHOD ...

From Eq. (A4), one finds that

PHYSICAL REVIEW B 86, 195406 (2012)

0 0 0 —iL.e kBOLpMyf
dA 0 0 0 0
per — (A6)
dk(E) : :
iL e BL:B(¢M) 0 0 0
and
W(EY B u(E) = 1L O (6 ) B (61 E) — iLee 0 () ) B (el @ (e )
= iLe®; (5" E) B(6) )@, (6 E) — Lo (6 E) B()) @,(¢) E)
= iL.@; (6 E) B )@ (6 ) — il (6 E) B(GY) @ (50 E). (A7)
Here, the second step follows from the Bloch condition
@) (61 E) = AP0, (¢ ), (A8)
and the flux conservation is used in the last step. From Eqs. (A1), (AS5), and (A7), group velocity is given by
vy =iL.[®; (6N E) B(e) @, (¢ E) — @ (65 E) B(e)) @ (62" E)], (A9)

where the normalization of the Bloch states is defined as Y, ®;(¢M; E)'®,;(¢M; E) = 1.
Furthermore, making use of Egs. (41), (46), and (47), we have a simpler expression for group velocity in terms of the coupling

matrix:

v = L[ ®; (6 E) T (" E) (3 )]

(A10)
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